Aims
Introduction
Signalling triggered by 3 ′ ,5 ′ -cyclic adenosine monophosphate (cAMP)
plays an essential role in cardiac physiology. The biological effects of cAMP depend on the amount produced and the subcellular distribution of the signal. In cardiac myocytes, spatio-temporal [cAMP] dynamics are determined by production by adenylyl cyclases (ACs), diffusion, buffering, and degradation by phosphodiesterases (PDEs). 1 In principle, changes to any of these factors could alter the range and extent of target activation. However, the importance of diffusion in shaping cAMP signals in cardiac myocytes has only been marginally addressed because of difficulties in obtaining robust diffusivity measurements.
Signalling microdomains can be assembled on a framework of strategically placed synthetic, degradative, and target proteins. 2, 3 Tethering of protein kinase A (PKA), the main cAMP effector, to specific subcellular compartments is achieved by A-kinase anchoring proteins (AKAPs). 2 Bringing PDEs in close proximity to other elements of the cascade helps to terminate the cAMP signal once it has had its downstream effect. 4, 5 Thus, the distribution and activity of PDE enzymes are important in sculpting cAMP microdomains to activate selected effectors, while protecting others. 6 -10 Several studies have linked aberrant distribution or activity of synthetic and degradative enzymes with cAMP signalling in disease. 11, 12 The degree to which PDE activity is able to compartmentalize cAMP signals depends strongly on cytoplasmic cAMP diffusivity (D cAMP ). The three-dimensional spread of cAMP molecules from a point source can be described mathematically as follows: 13, 14 [cAMP] = J AC 4 · p · D cAMP · r · exp −r · k PDE D cAMP (1) where k PDE is the rate constant of cAMP degradation by PDEs, J AC is the rate of cAMP production by ACs, and r is the distance from the site of production. This equation demonstrates that cAMP microdomains become more spatially confined but attain a higher [cAMP] at the source as diffusivity D cAMP decreases. The equation also shows that D cAMP and k PDE are independent variables that must be considered separately in models of microdomain signalling. 15 Although high k PDE limits the spread of cAMP molecules, even the most robust characterization of PDEs cannot predict the radial [cAMP] profile if D cAMP is not measured.
In water, 16 cAMP diffuses rapidly at 444 mm 2 /s, and mathematical simulations 6, 17, 18 have demonstrated that such diffusivity precludes sarcomeric-level microdomain signalling, because the diffusive flux of cAMP would not be terminated by the finite degradative capacity of PDEs. A notable study on adult cardiac myocytes expressing a genetically encoded cAMP sensor measured cAMP velocity, 15 and from this estimated D cAMP to be 136 mm 2 /s. However, the relationship between velocity (units: mm/s) and diffusivity (units: mm 2 /s) is not straightforward, particularly when geometry and boundary conditions are not accounted for. Also, this study measured apparent cAMP diffusivity which lumps diffusive and reactive fluxes together and cannot distinguish between them. As illustrated in Eq. (1), [cAMP] measurements cannot derive true D cAMP if k PDE is not considered as part of the calculation. For example, rapid degradation by PDEs will make the spatial spread of cAMP appear slow, without a change in diffusivity. A study on neonatal cardiac myocytes 18 calculated the diffusion of photolytically released cAMP to be 200 mm 2 /s, but it is unclear whether this estimate also applies to the adult myocyte. A recent report 19 showed that a fluorescent cAMP derivative diffuses slowly in adult myocytes owing to a buffering effect, but it is unclear whether this also applies to endogenously produced cAMP at physiological concentrations. Measurements in other cell types have arrived at fast cAMP diffusivity (270, 20 330, 21 and 500 mm 2 /s 22 ). Thus, the general consensus 23 is for fast D cAMP , yet this is difficult to reconcile with microdomain signalling. Accurate D cAMP measurements in adult cardiac myocytes are warranted for more quantitative understanding of the limits of local signalling. We measured endogenously generated cAMP by confocally imaging rat ventricular cardiomyocytes expressing an adenovirally delivered FRET (Fö rster resonance energy transfer)-based sensor reporting [cAMP] in cytoplasm. 24 Compared with other sensors used previously in adult cardiac myocytes, H187 offers a substantially improved dynamic range for imaging [cAMP] . PDE activity (k PDE ) was measured on a cell-by-cell basis to obtain reaction fluxes necessary for solving the diffusion reaction equation that describes [cAMP] dynamics. To measure diffusivity, [cAMP] gradients were generated in cytoplasm by exposing one half of a myocyte to agonist using a dual microperfusion apparatus, 25, 26 similar to a technique used previously to study the effects of [cAMP] non-uniformity on Ca 2+ current. 27 The size of the [cAMP] gradient between the net-producing (agonist-exposed) and netconsuming (antagonist-exposed) ends of the cell provides a read out of D cAMP , calculated to be 32.3 + 7.6 mm 2 /s. We show that low D cAMP is not a consequence of cAMP buffering, but arises from the tortuosity imposed by physical barriers inherent to cardiac myocyte ultrastructure, 28 particularly mitochondria. Our measurement of D cAMP in adult cardiac myocytes is more compatible with microdomain signalling delimited by PDE activity.
Methods

Isolation and viral transduction of myocytes
Ventricular myocytes were isolated from male Sprague Dawley rats (300 -325 g) using enzymatic digestion and mechanical dispersion. Animals were sacrificed by stunning followed by cervical dislocation in accordance with UK Home Office regulations (Schedule I of A(SP)A 1986), approved by national and University ethics committees. See Supplementary material online, Methods. Cells were either used for experiments on the same day or cultured overnight for experiments with H187. Myocytes were cultured overnight on m-slides (Ibidi, Germany) in myocyte culture medium (MEM supplemented with 9 mM NaHCO 3 , 1% L-glutamine, 1% penicillin/streptomycin), 0.5 mM cytochalasin D to preserve cell shape, 29 and adenovirus containing Ad-EpacH187 cAMP FRET sensor construct (final titer 5 × 10 29 VP/mL). After overnight culture, the virus-containing medium was replaced with myocyte culture medium supplemented with 2.5% FBS. H187 fluorescence was observed at 24 -30 h post-infection. Details of imaging and analyses are given in the Supplementary material online.
Solutions
Solutions were delivered at 378C. Normal Tyrode contained (in mM) 135 NaCl, 4.5 KCl, 1 CaCl 2 , 1 MgCl 2 , 11 glucose, and 20 HEPES, at pH 7.4. Acetate-containing solutions had iso-osmotically replaced NaCl for NaAcetate. Na + -free, Ca 2+ -free solution contained 140 mM N-methyl-Dglucamine in place of NaCl and 1 mM EGTA in place of CaCl 2 .
Statistics
Differences were tested by t-test at 5% significance. Data are reported as mean + SEM (number of cells/number of animals).
Results
Calibrating the cAMP sensor
The genetically encoded FRET-based cAMP sensor H187 offers a superior dynamic range for monitoring cAMP, 30 necessary for resolving D cAMP . H187 was excited by an argon laser, and FRET was reported as the ratio of fluorescence measured at 480 + 10 and 530 + 10 nm (see Supplementary material online, Figure S1A ). Expression of H187 and overnight culture in the presence of cytochalasin D did not detubulate cardiac myocytes, nor affect mitochondrial density (see Supplementary material online, Figure S1B ). Figure S2 shows the calibration curves fitted to the Grynkiewicz equation describing minimum and maximum ratio (R min , R max ) and apparent affinity (K cAMP ). Low pH (6.6) did not affect K cAMP (11.14 mM at pH 7.2 and 11.48 mM at pH 6.6) but increased R min (from 0.6727 to 0.7531) and R max (from 1.2386 to 1.313).
Generating solute gradients using dual microperfusion
A square-bore, double barrel microperfusion device, shown in Supplementary material online, Figure S3 , was used to release two sharply separated microstreams. 25, 26 When the inter-stream boundary is positioned perpendicular to a myocyte's long-axis, the two ends of the cell are exposed to different solutions. The high degree separation between microstreams was tested by including fluorescein (30 mM) in one microstream only (see Supplementary material online, Figure S3C ; Figure 1A ). The same cell can then be exposed uniformly to one microstream only by closing the flow of the other microstream (see Supplementary material online, Figure S3D ; second part of the protocol in Figure 1Ai ). The time constant of solution exchange is exceptionally fast (20 ms). 31 
Calculating cAMP diffusivity from evoked [cAMP] gradients
The experimental protocol for studying cAMP dynamics consisted of two manoeuvres. In the first manoeuvre, dual microperfusion delivered a b-agonist (1 mM isoproterenol; ISO) to one end of the cell and a b-antagonist (10 mM propranolol; Prop) to the other half. In the second manoeuvre, the myocyte was exposed uniformly to ISO. Under resting conditions and after each manoeuvre, the myocyte was uniformly exposed to propranolol. Figure 1Bi shows time courses of FRET ratio in proximal and distal regions of the cell, defined as measurement areas at opposite poles of the cell, equal to one-quarter of the myocyte length. FRET ratios were converted to [cAMP] ( Figure 1Ci ) using calibration curves (see Supplementary material online, Figure  S2 ). Longitudinal FRET ratio and [cAMP] profiles under resting conditions and during the last 10 s of the first and second manoeuvre are plotted in Figure 1Bii (FRET ratio) and Figure 1Cii ([cAMP]). During the first manoeuvre ( Figure 1C ), any rise in [cAMP] in the propranolol-exposed half of the cell must be explained by diffusion from the ISO-exposed region. This experiment produces a state in which the ISO-exposed half of the cell is a net producer of cAMP (referred to as the proximal end), whereas the other half is a net consumer of cAMP (referred to as the distal end). The two domains are coupled by diffusion, resulting in a longitudinal [cAMP] gradient that is strongly dependent on D cAMP (Figure 1Bii ). Since the system approaches a steady state, fluorescence images can be time-averaged to improve the signal-to-noise ratio ( Figure 1B insets) Thus, a single experiment provides a dataset for quantifying cAMP degradation, synthesis, and diffusion. The mathematical framework used to analyse these data is illustrated in Figure 1D . By least-squares best fitting to the experimental data, D cAMP was measured to be 35 + 3.4 mm 3.4 H187 does not interfere with the estimate of cAMP diffusivity H187 could, in principle, interfere with normal cAMP diffusion. If, for instance, cytoplasmic mobility of H187 were very fast, the sensor could facilitate cAMP diffusion (i.e. overestimate D cAMP ). If, on the other hand, H187 diffusion were negligible, the sensor could reduce D cAMP by acting as a fixed buffer.
H187 diffusivity was measured in myocytes (superfused in Na + -free, Ca 2+ -free solution to block contraction) by observing the rate of diffusive dissipation of fluorescence (excited at 488 nm) following 25% signal photobleaching in a 20 mm-wide region at the middle of the myocyte (FRAP: fluorescence recovery after photobleaching). H187 fluorescence along the cell's major axis was normalized to the starting level and fitted with a diffusion model that assumes post-bleaching conservation of total fluorescence ( Figure 2A ). H187 diffusivity was measured to be 2.35 + 0.25 mm 2 /s, i.e. 15-fold lower than D cAMP (P , were re-scaled during contractions). As expected, SERCA activity was stimulated in the ISO-exposed half of the cell. A modest increase in SERCA activity was also observed in the propranolol-exposed region, confirming the diffusive spread of cAMP. The longitudinal profile of SERCA activity ( Figure 2Ci ) and peak systolic [Ca 2+ ] (Figure 2Cii ; related to SR load and hence SERCA activity) measured in wild-type myocytes were in agreement with the degree of cAMP diffusion reported with H187 in transduced cells ( Figure 1 ). These results indicate that the level of additional cAMP buffering introduced into myocytes by H187 expression is small and does not significantly reduce cAMP diffusion.
Measuring cAMP diffusivity over a wider range of [cAMP]
Measurements of D cAMP were repeated with a lower dose of ISO (10 nM) that elicited a smaller [cAMP]-rise ( Figure 3A) . Again, a similar D cAMP was measured (32 + 8.7 mm 2 /s; Figure 3B ; P ¼ 0.78 vs. 1 mM ISO). Increasing the net production of cAMP at the proximal end of the cell by including the PDE inhibitor IBMX (100 mM) in the 1 mM ISOcontaining microstream resulted in a larger [cAMP]-rise ( Figure 3C ). D cAMP was 28 + 2.9 mm 2 /s ( Figure 3D ) and not significantly different from the measurement obtained with 1 mM ISO (P ¼ 0.13). Overall, these results indicate that D cAMP is independent of the amount of cAMP produced, at least over the range reported by H187. 
Measuring cAMP diffusivity in acidified cytoplasm
The electric charge on cAMP (21) and interacting proteins could influence D cAMP . This was explored by increasing the overall protonation state. Cytoplasm was acidified to pH 6.6 by uniform exposure to 80 mM acetate. 5-(N,N )-dimethylamiloride (DMA; 30 mM) was included to stabilize the acid load by inhibiting Na + /H + exchanger-1 (NHE1) ( Figure 4A ). 26 The H187 calibration measured at pH 6.6 (see Supplementary material online, Figure S2B ) was applied to convert FRET ratio into [cAMP] . The amount of cAMP produced with 1 mM ISO is reduced at acidic pH, but D cAMP (41 + 12.2 mm 2 /s; Figure 4B) was not significantly different from that measured at physiological pH (7.2; P ¼ 0.57). To evoke a larger [cAMP]-rise and observe its spread into an acidified cytoplasmic compartment, a gradient of intracellular pH was imposed by including 80 mM acetate in the distal microstream only (both microstreams contained 30 mM DMA to stabilize the ensuing pH gradient; Figure 4C ). 26 Under this protocol, the ISO-exposed half of the cell is at physiological pH, while the opposite end is acidic. FRET ratio was converted to [cAMP] by interpolating H187 calibration curves between pH 7.2 and 6.6 and using previous measurements of pH under a similar protocol 26 (see Supplementary material online, Figure S2 ). Again, D cAMP (32 + 4.8 mm 2 /s; Figure 4D ) was not different from measurements made at physiological pH, arguing that protonation state does not affect D cAMP (P ¼ 0.61 vs. pH 7.2).
Measuring cAMP diffusivity in cytoplasm saturated with a cAMP analogue
Diffusivity of cAMP may be reduced by buffering to proteins, such as the regulatory subunits of PKA. 32, 33 The effect of these buffering sites on D cAMP was explored by introducing a cAMP analogue that saturates binding sites. 6-Bnz-cAMP (N 6 -Benzoyladenosine-cAMP) was chosen as a suitable analogue, because it avidly binds and activates PKA, but does not activate EPAC 34 on which H187 is based. 30 Although 6-Bnz-cAMP has no meaningful efficacy on EPAC sites, it nonetheless will complete, to some degree, with cAMP for binding to H187. This 'competitive antagonism' would shift the [cAMP]-H187 calibration towards higher [cAMP] . To quantify this shift, H187-expressing adult myocytes were AM-loaded with 6-Bnz-cAMP and regionally exposed to ISO ( Figure 5A ). When 20 mM of the analogue was used, the FRET ratio was essentially insensitive to 1 mM ISO, indicating that at this dose, the analogue shifts the sensor's cAMP affinity out of the physiological range. In myocytes loaded with 5 mM 6-Bnz-cAMP, the FRET response to ISO was measureable, and this dose of analogue was chosen as a compromise between adequate saturation of PKA sites (0.5-1 mM) 6 and acceptable H187 resolving power.
To characterize how 6-Bnz-cAMP affects the H187 calibration curve, the sensor was expressed in rat neonatal myocytes (see Supplementary material online, Figure S4) . Addition of the AM-ester of 6-Bnz-cAMP (5 mM) did not affect resting FRET ratio (see Supplementary material online, Figure S4Ci) , nor the FRET ratio change upon treatment with forskolin (10 mM) plus IBMX (100 mM) (see Supplementary material online, Figure S4Cii ) which raises intracellular [cAMP] to levels in excess of [6-Bnz-cAMP]. These observations indicate that 6-Bnz-cAMP does not affect R min and R max of the calibration curve. ISO (10 nM) evoked a FRET response that was smaller in 6-Bnz-cAMP pre-loaded cells compared with control myocytes (see Supplementary material online, Figure S4) . This confirms that 6-Bnz-cAMP competes with cAMP for binding to H187 and decreases the sensor's apparent cAMP affinity, in agreement with published binding constants. 34 Knowing that 6-Bnz-cAMP does not affect R min and R max , it is possible to estimate the factor by which K cAMP is shifted by comparing the FRET response to 1 mM ISO in the presence and absence of the analogue (Figure 5Aii ). 6-Bnz-cAMP-AM (5 mM) increased K cAMP in adult myocytes by a factor of 3.02. This relatively modest right-shift in the calibration curve does not impair the sensor's ability to resolve [cAMP] gradients evoked by ISO.
[cAMP] time courses and longitudinal profiles were thus generated using this shifted calibration curve ( Figure 5B ). D cAMP measured from the [cAMP] response to regional exposure to 1 mM ISO (29 + 7.1 mm 2 /s; Figure 5C ) was the same as in myocytes that had not been loaded with 6-Bnz-cAMP (P ¼ 0.45). In summary, saturating cAMP-binding sites with a cAMP analogue does not accelerate D cAMP , indicating that cAMP buffering is not normally a substantial restriction to cytoplasmic cAMP mobility.
3.9 cAMP diffusivity is independent of the concentration of cAMP produced pooled for all experiments using ISO was 32.3 + 7.6 mm 2 /s, which is an order of magnitude slower than in pure water.
Measuring cytoplasmic tortuosity to diffusion
Low D cAMP may be explained by physical barriers imposed by macromolecules (e.g. proteins) and organelles (e.g. mitochondria), collectively called tortuosity. Cytoplasmic tortuosity to diffusion was probed using calcein, a fluorescent dye that can be loaded rapidly (as the AM-ester for ,3 min) into the cytoplasm with minimal partitioning into subcellular organelles. Once in cytoplasm, calcein is not buffered and does not react chemically (processes that would otherwise restrict its spread). Cytoplasmic calcein diffusivity was measured using a FRAP protocol (see Figure 2A ) and normalized to its diffusivity in water at 378C (average: 604 mm 2 /s; range 330 -1043 mm 2 /s). 35 -37 For rodshaped adult myocytes, a one-dimensional algorithm was used to analyse data (as used in Figure 2A ). For neonatal ventricular myocytes and two epithelial cell lines (HEK293 and HCT116), analysis used a twocAMP diffusivity in cardiac myocytes dimensional solver to account for their non-rectangular shape. Physical barriers present in adult ventricular myocytes reduced calcein diffusivity by an order of magnitude (Figure 6Bi ). Tortuosity in adult myocytes was greater than in neonatal myocytes or in the two epithelial cell lines (Figure 6Bi ). Hypotonic swelling of adult myocytes (achieved by reducing superfusate osmolarity from 300 to 200 mOsm/kg; see Supplementary material online, Figure S5A ) to dilute macromolecules did not significantly affect tortuosity (Figure 6Bi ). Disrupting T-tubules 38 (detubulation; see Supplementary material online, Figure S5B ) had only a minor effect on tortuosity (Figure 6Bi ). Mitochondria are, collectively, the most abundant organelle in adult myocytes (32% of cell volume, cf. cytoplasm occupies 7% of cell volume) 39 and therefore a substantial physical barrier to the movement of charged molecules in cytoplasm. 40 Mitochondrial density and order, quantified in terms of the distribution of MitoTracker Red fluorescence in confocally acquired images, were lower in neonatal myocytes compared with adult cells (Figure 6Bii) . The non-mitochondrial area of a myocyte was quantified by measuring the fraction of non-nuclear cytoplasmic pixels (calcein-positive, Hoechst-negative) that have a MitoTracker Red signal less than half of the cell-averaged signal (Figure 6Biii) . By this measure, neonatal myocytes had three-fold more non-mitochondrial space compared with adults, in good agreement with less restricted calcein diffusivity in the former.
Cytoplasmic cAMP diffusivity is similar to that of similar sized molecules
To compare the diffusivity of cAMP (mol. wt 329 g/mol) with that of similar sized molecules, the FRAP protocol was performed on myocytes loaded with fluorescent markers. Fluorescein (free acid; mol.
wt 376 g/mol) was permeated into cells for 3 min in an acidic (pH 6.6) loading solution for improved cellular uptake (this loading protocol minimizes the degree of mitochondrial sequestration of dye compared with loading of the diacetate-ester). Another dye, MagFluo4 (AM-ester; mol. wt 525 g/mol) was loaded for 2 min (this dye shows minimal partitioning into mitochondria). Fluorescence images of myocytes loaded with fluorescein or MagFluo4 (superfused in Na + -free, Ca 2+ -free solution to block contraction artefacts) demonstrated no evidence for subcellular compartmentalization (see Supplementary material online, Figure S6 ). Intracellular diffusivity (see Supplementary material online, Figure S6 ) of fluorescein and MagFluo4 was 37.0 + 4.5 and 37.9 + 4.4 mm 2 /s, respectively ( Figure 6C ; P ¼ 0.89). These values are similar to D cAMP and suggest that the diffusive restrictions imposed upon the cytoplasmic mobility of fluorescein, MagFluo4, and cAMP are equal and relate to a common, chemically non-selective physical barrier, consistent with tortuosity (cAMP vs. MagFluo4, P ¼ 0.66; cAMP vs. Fluorescein, P ¼ 0.73).
3.12 Diffusivity of fluorescein-conjugated cAMP is slower than endogenous cAMP, as expected from the difference in molecular weight
One approach to estimating the diffusion of a non-fluorescent molecule (e.g. cAMP) is to conjugate it with a fluorescent compound. Diffusivity of cAMP-fluorescein (8-[Fluorescein]-cAMP; mol. wt 816 g/mol) was measured in adult myocytes using the same approach as for fluorescein (see Supplementary material online, Figure S6 ). The conjugate diffused at 26.2 + 1.8 mm 2 /s, i.e. slower than cAMP or fluorescein ( Figure 6C ; P ¼ 0.025), which is expected from the difference in molecular weight. To test whether cAMP-fluorescein diffusivity is affected by cAMP buffering, measurements were performed on myocytes pre-loaded with the AM-ester of 6-Bnz-cAMP (5 mM); cAMPfluorescein diffusivity (25.0 + 2.2 mm 2 /s) was not significantly different from that obtained in the absence of 6-Bnz-cAMP ( Figure 6C ; P ¼ 0.68). In summary, fluorescent conjugates of cAMP diffuse slower than endogenous cAMP, and their mobility is not restricted by cAMP buffering. cAMP-fluorescein diffusivity was also measured in neonatal myocytes.
In agreement with a less tortuous environment for diffusion owing to lower mitochondrial density and order, the cAMP conjugate diffused 3.4-fold faster in neonatal myocytes compared with adult cells ( Figure 6C ; P , 10
24
).
Discussion
A systems approach to solving D cAMP
This study provides a measurement of diffusivity, at 378C, of endogenously produced cAMP in the cytoplasm of the adult mammalian cardiac ventricular myocyte, a cell type that engages in cAMP microdomain signalling. Using a combination of genetic, microfluidic, and computational techniques, D cAMP was measured to be 32 mm 2 /s over the physiological [cAMP] range. The experimental protocol was designed to provide sufficient information to solve, on a cell-by-cell basis, the diffusion reaction equation that describes spatio-temporal [cAMP] dynamics ( Figure 1D) . By accounting for cAMP synthesis and degradation, the method can dissect the diffusive fluxes from the chemical reactions that collectively determine [cAMP] . This approach derives a true estimate of cytoplasmic cAMP diffusivity.
Evoking and measuring [cAMP] gradients
The methods used herein have superior power to resolve D cAMP , because they combine advances in genetically encoded sensors and microfluidics. (i) [cAMP] was measured with H187, a highly sensitive cAMP sensor with a wide dynamic range of fluorescence that can be calibrated in units of concentration. H187 cannot facilitate cAMP diffusion, because the sensor's diffusivity is 15 times lower than D cAMP (Figure 2A) . Buffering by H187 is not sufficient to meaningfully reduce cAMP diffusion, as shown by the similarity in the longitudinal [cAMP] profiles reported by H187 in transduced cells and SERCA activity (a cAMP bioassay) in wild-type cells ( Figure 2B). (ii) A dual microperfusion system, which releases two sharply separated microstreams with minimal mixing, 25, 26 was used to deliver a constant concentration of agonist to one half of the myocyte and antagonist to the other. This evoked a localized net production of cAMP in a controlled, reproducible, and robust manner. Diffusive coupling between the net cAMPproducing and net cAMP-consuming halves of the cell generates a smooth longitudinal [cAMP] profile that approaches a steady state and therefore can be time-averaged to improve signal-to-noise ratio. Deriving D cAMP near the steady state allows fast and slow buffers, if present, to exert any restrictive effect on cAMP diffusion (diffusivity under out-of-equilibrium buffering tends to be faster than at the steady state, as shown for Ca 2+ ions). 13, 41 This approach optimizes the conditions for revealing any meaningful effect of buffers on cAMP. Figure 6Aii ). Secondly, buffer-restricted diffusion would be reversed by saturating buffering sites with a ligand-analogue. However, loading cytoplasm with the analogue 6-Bnz-cAMP did not raise D cAMP ( Figure 5 ). Similarly, 6-Bnz-cAMP did not accelerate the diffusivity of a fluorescently labelled cAMP derivative ( Figure 6C) . Also, manipulating cytoplasmic pH did not affect D cAMP , indicating that the protonation state of cAMP or its potential binding proteins does not affect mobility ( Figure 4) . Overall, these results indicate that low cAMP diffusivity cannot be explained by buffering alone.
Tortuosity is a principal reason for low cytoplasmic cAMP diffusivity
Cytoplasmic D cAMP is an order of magnitude lower than in aqueous solution, a difference that cannot be explained by buffering. Molecules of similar size to cAMP but of different chemical identity, such as Magfluo4 and fluorescein, diffuse at a comparable rate to D cAMP . This argues for a common underlying cause of restricted movement. Previous studies have demonstrated that physical barriers present inside muscle cells halve the mobility of small ions, 42 but larger molecules generally experience a greater restriction to movement. 43 The degree to which physical barriers, such as proteins, organelles, or surface membrane invaginations (all of which are present in adult ventricular myocytes 28, 42 ), restrict cytoplasmic diffusion was probed using calcein, an inert and unbuffered cytoplasmic marker ( Figure 6B ). These measurements show that physical barriers collectively produce a tortuous environment that reduces calcein diffusivity by an order of magnitude. Tortuosity does not arise from macromolecules or intact T-tubules, because hypotonic swelling (which dilutes macromolecules) and detubulation did not greatly affect diffusivity ( Figure 6B ). Instead, tortuosity was related to mitochondrial order and density: the more disordered and lower density of mitochondria in neonatal myocytes allowed for faster cytoplasmic diffusion of calcein ( Figure 6B ) and a fluorescent cAMP derivative ( Figure 6C ). The importance of mitochondrial density in cAMP diffusivity in cardiac myocytes influencing cytoplasmic diffusion is illustrated in Figure 6D . cAMPfluorescein and calcein diffused faster in myocytes with a greater nonmitochondrial area fraction, and both followed a similar relationship 44 (since cAMP-fluorescein diffuses 20% slower than cAMP, the expected cAMP-fluorescein diffusivity in pure water is 80% of 444 ¼ 360 mm 2 /s).
A recent study 40 has proposed that tortuosity in adult cardiac myocytes is explained in terms of permeability barriers situated every 1 mm in the transverse and longitudinal directions, equivalent to the periodicity of mitochondria. This adds to the evidence that a principal contributor to the tortuosity in adult myocytes is the highly ordered and dense array of mitochondria. The importance of mitochondria in restricting the diffusivity of a membrane-permeant fluorescent cAMP analogue was recently reported by Agarwal and colleagues, 19 but the effect was attributed to buffering by PKA moieties at the outer mitochondrial membrane (OMM). Lipophilicity of the cAMP analogue may underestimate the effect of physical barriers imposed by mitochondrial membranes, which could explain why tortuosity was not considered. However, even in experiments that dislodge fixed buffer sites from the OMM, diffusivity of the cAMP analogue was much slower than in water; thus, the importance of tortuosity cannot be excluded. Furthermore, diffusivity of the cAMP analogue did not change in the presence of IBMX, a drug that is expected to raise [cAMP] and reduce the number of PKA moieties available for buffering and restricting cAMP movement. In contrast, our measurements of endogenously produced cAMP provide three lines of evidence against a dominant role of buffering in restricting diffusion. Further studies are warranted to quantify the importance of buffering relative to tortuosity in restricting cAMP diffusion at different spatial scales in the cardiac myocyte.
Importance of tortuosity for cAMP microdomain signalling
At the subcellular scale, myocyte tortuosity is highly heterogeneous, and discrete barriers to diffusion are plausible boundaries for cAMP microdomains. 6 [cAMP] measurements with sub-sarcomeric resolution
are not yet available to map the source of tortuosity, but recent findings 40 have proposed that diffusion barriers are situated at Z and M lines. Our measurement of global D cAMP can be used to estimate the permeability of these barriers. As explained in the Supplementary material online (equations), 92% of overall resistance to cAMP movement would occur at these barriers, and a stochastic model of diffusion 40 predicts that 1 in 2000 cAMP molecules would cross such a barrier. This small leakage of cAMP across barriers would be readily degraded by PDE activity concentrated near Z and M lines. 45 The cAMP molecules reflected off the barrier would contribute towards the formation of a concentrated sub-sarcomeric cAMP microdomain. In contrast, earlier estimates of D cAMP (200 -500 mm 2 /s) 18, 20, 21 would imply a much more permeable barrier, allowing a leak of .1 in 20 molecules. Indeed, several computational models 6, 17, 18 have deemed these faster diffusivities to be incompatible with local cAMP signalling, because the enzymatic capacity of native PDE to degrade cAMP would be insufficient to fully restrict a locally triggered cAMP signal. Since our estimate of D cAMP is 10 times lower than the average of previously reported diffusivities, Eq.
(1) predicts a 10-fold greater peak [cAMP] amplitude near the source (e.g. adenylyl cyclase). This would result in a more potent activation of target proteins locally. Tortuosity is highly cell type dependent; therefore, differences in cAMP signalling may relate to differences in D cAMP . On the basis that cAMP-fluorescein diffusivity in neonatal myocytes was 3.4-fold faster than in adult myocytes ( Figure 6A) , neonatal myocyte D cAMP is estimated to be 110 mm 2 /s.
This difference in D cAMP should be considered when comparing cAMP signalling in neonatal and adult myocytes.
Conclusions
We have measured the cAMP diffusion coefficient in cardiac myocyte cytoplasm to be 32 mm 2 /s. The lack of a clear [cAMP] dependence of D cAMP and the absence of an accelerating effect of saturating cAMPbinding sites with a cAMP analogue argue against a meaningful effect of buffering on diffusivity. Physical restrictions imposed by cardiac myocyte ultrastructure are sufficient to explain why D cAMP in cytoplasm is considerably lower than in pure water. The present estimate of D cAMP in adult myocytes is substantially lower than earlier measurements made in cardiac and non-cardiac tissue (range: 130 -500 mm 2 /s). 15,18,20 -22 Considering that the lattice structure of the adult ventricular myocyte imposes barriers every 1 mm, our measurement of D cAMP is more compatible with the formation of concentrated cAMP microdomains at the sub-sarcomeric level. Faster cAMP diffusivity in neonatal myocytes argues for a different morphology of microdomain signalling, which may relate to changes in cAMP signalling at distinct stages of development. It is possible that aberrant forms of cAMP signalling may relate to changes in tortuosity in myocytes from diseased hearts. It is well established that myocytes from failing hearts have altered mitochondrial morphology 46 -48 , which may affect D cAMP and could contribute towards aberrant cAMP microdomain signalling. This work emphasizes the importance of cytoplasmic tortuosity in shaping cardiac cAMP microdomains and highlights the need to study cAMP signalling in its relevant cellular context.
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